ABSTRACT. Experimental studies on the bioremediation of groundwater contaminated with low concentration trichloroethylene (TCE) and cis1,2-dichloroethylene (DCE) were performed with two sets of bioreactors. Reactors No. 1 and No. 2 were operated without and with methane supplement, respectively. No inoculum was used. The concentrations of TCE and DCE in the effluent and the off gas from reactor No. 2 were much lower than those from reactor No. 1. When air and an H 2 O 2 solution were supplied to reactor No. 2, concentrations of TCE and DCE in the effluent and the off gas were lower than the lowest detectable limit. The population of methaneutilizing bacteria in reactor No. 2 was 1,000 times higher than that in groundwater or in the effluent from reactor No. 1. These methaneutilizing bacteria were apparently attributable to the treatment of TCE.-KEY WORDS: bioreactor, methane-utilizing bacteria, trichloroethylene.
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J. Vet. Med. Sci. 61 (7): [861] [862] [863] 1999 Two bioreactors were packed with 1,000 ml (an effective volume of 500 ml) cylindrical (4 mm OD , 3 mm ID , 5 mm L ) carriers made of polypropylene [18] . No inoculum was used. These reactors were operated in a single-pass mode with a hydraulic retention time of 8 hr. The influent groundwater flow rate was 1 ml/min, the air flow rate of reactor No. 1 5 ml/min, the air flow rate of reactor No. 2 4 ml/min and the methane flow rate of reactor No. 2 1 ml/ min. The concentration of H2O2 supplied was 0.3% and a 0.3% H2O2 solution flow rate was 5 ml/hr. An experiment which used H2O2 as the oxygen source of supply of the bioreactor was reported by Gerhard et al. [8] . The concentration of H2O2 was so set as to make 13 ppm oxygen in the reactors based on the field experiment made by Semprini et al. [17] . The number of heterotrophic bacteria was calculated by counting colonies, which appeared on standard agar plates (Eiken Co., Tokyo, Japan) incubated at 25°C for 7 days. The methanotrophic bacteria were counted by the most probable number (MPN) method after 8 weeks of incubation in nitrate mineral salts (NMS) medium [26] under an atmosphere of methane-air (1:4) in a desiccator at 30°C. Samples for determination of TCE and DCE concentrations in liquids were prepared by the head-space method [1] and gas samples were analyzed with a gas chromatograph (Type GC-311, HNU Co., U.S.A.). Dissolved oxygen (DO) was analyzed with a DO meter. Groundwater contaminated with about 0.6 ppm of TCE and 0.2 ppm of DCE was used as influent. There were 1 × 10 3 MPN/ml of methane-utilizing bacteria in this groundwater.
At first, oxygen was supplied to reactors by aeration. Methane-utilizing bacterial flocculation, a substantial growth of salmon-pink-colored biomass, was seen in the whole reactor No. 2 in two weeks after the beginning the experiment, and then, decrease in TCE became apparent and DO in effluent dropped from 7.5 ppm to 1.0 ppm in reactor No. 2. Finally, more than 90% of TCE and more than 70% of DCE were removed from reactor No. 2 in 3 weeks. However, in reactor No. 1, no change occurred Chlorinated short-chain aliphatic compounds such as trichloroethylene (TCE) and cis1,2-dichloroethylene (DCE) are major contaminants of groundwater. Because of the carcinogenic effect and the toxicity to the nerve system of these compounds [15, 21, 22] , U.S. Environmental Protection Agency (EPA) revised the maximum permissible concentrations in water to be close to the lowest analytical limit [10] . As for influences of trichloroethylene to livestock, the studies are advanced especially those on chickens. Trichloroethylene induced damage to the immune function, egg quality, reproductive performance, nutritional performance and embryo development in broiler chickens [4, 9, 23, 24] .
These compounds are water soluble and cannot be removed from groundwater by conventional water-treatment techniques. Gas-stripping, which is the most general method now, has the possibility to cause atmosphere pollution. Bioremediation is one of the most promising technologies for the treatment of these compounds, since it has the possibility to transform toxic compounds to such non toxic ones as carbon dioxide, water, inorganic acids and so on. Methane-utilizing bacteria are reported to cometabolize TCE and DCE with methane-mono-oxygenase, which normally works for oxidation of methane to methanol [5, 7, 12, 14, 27] . The complete mineralization of TCE to CO2 appears to be carried out most efficiency by the combined action of methanotrophic and heterotrophic microbial populations [20] . The potential for in situ bioremediation of chlorinated ethenes was demonstrated with a pilot-scale field study [17] . The cometabolic biotransformation of chlorinated ethenes resulted from the biostimulation of indigenous methanotrophic bacteria through the addition of methane as a growth substrate and oxygen as an electron acceptor. The objective of this study was to evaluate the indigenous bacteria in TCE-contaminated groundwater that are capable of growing and showing the bioremediation ability of in two bioreactors. Reactor No. 1 was supplied with oxygen and reactor No. 2 was supplied with oxygen and methane. during this period. In reactor No. 1, the removal rate of TCE and DCE reached 60%-70% in 3 months after the start of the experiment. A mass balance for TCE and DCE was calculated after the TCE and DCE concentrations of the effluent reached constant state. The data are presented in Table 1 . The TCE concentration of the effluent from reactor No. 2 was undetectable, so it was lower than 0.03 ppm, the maximum permissible concentration in the environmental water in Japan (referred to as the maximum permissible concentration). On the other hand, in reactor No. 1, the TCE concentration in the effluent was 0.05 ppm, above the maximum permissible concentration. DCE concentrations in the effluents from both reactors were lower than 0.04 ppm, the maximum permissible concentration. Volatilized TCE and DCE from reactor No. 2 were also lower than those from reactor No. 1. The concentrations of DO of effluent from reactor No. 1 were 7.3-7.4 ppm, and those from reactor No. 2 0.8-1.8 ppm.
We examined for the effects of addition of a 0.3% H2O2 solution to improve the supply performance of the oxygen which is an important factor. We compared two cases ; supplying only a 0.3% H2O2 solution and supplying a 0.3% H2O2 solution with air. The results are shown in Table 2 . In effluent from reactor No. 1, DO didn't change, being 7.3-7.4 ppm. TCE concentrations in the effluent from reactor No. 1 were above the maximum permissible concentration in both cases. Especially, when oxygen was supplied with H2O2 without air, TCE concentrations of the effluent from reactor No. 1 increased, although volatilized TCE decreased to 0%. This result showed that one of mechanisms for removal of TCE in reactor No. 1 was a gas stripping effect. In contrast, in reactor No. 2, concentrations of TCE in the effluent and the off gas were lower than the lowest detectable limits in both cases. DCE concentrations in the effluent from reactor No. 1 were lower than the maximum permissible concentration. In reactor No. 2, the DCE concentration in the effluent increased to 0.04 ppm when only a 0.3% H2O2 solution was supplied. In this case, the bottom and the edge of reactor No. 2 became black and the effluent gave off a smell of H2S and DO in effluent of reactor No. 2 was approximately 1.3 ppm. In this case, it seemed that anaerobic microbiological reaction was caused by lack of aeration mixing in reactor No. 2. Biodegradation of chlorinated toxic compounds such as PCE and TCE under anaerobic conditions, being natural in groundwater, has been reported [25] . It has also been reported that one mole of TCE is transformed to one mole of DCE by an anaerobic reaction [16] . Therefore, when only a 0.3% H2O2 solution is supplied in reactor No. 2, it seemed that some of TCE was transformed to DCE.
From operation data, the most preferable operational condition to treat TCE and DCE was seemed to be that adding H2O2 with air in reactor No. 2, since TCE and DCE in the effluent or the off gas were not detected. DO in effluent from reactor No. 2 increased to 2.7 ppm. From these results, it is supposed that efficiently supplying oxygen into reactor improves the bioremediation activity. In reactor No. 1, the removal effect was seen, however, the maximum permissible concentration was not clear. Further studies are needed to investigate more efficient operation condition.
The number of methane-utilizing bacteria and heterotrophic bacteria in the feedstock groundwater and in the effluent of reactor No. 1 and No. 2 are presented in Table 3 . The number of methane-utilizing bacteria in the effluent of reactor No. 2 was 1,000 times higher than that in the feedstock groundwater and that of the effluent from Methane-utilizing bacteria typically co-exist with heterotrophic bacteria that scavenge the metabolites of the methane-utilizing bacteria. Since methane-utilizing bacteria are very sensitive to a trace of organic metabolites of the methane-utilizing bacteria themselves [6, 11] . It has also been reported that methane-utilizing bacteria lost the ability of degrading TCE in several days due to the inhibitory effects of the products of TCE degradation [2] . So a dualstep reactor system which involves a TCE degradation step and a methane-utilizing bacteria activity recovery step has been proposed [13, 19] . In the present study, the TCEremoving efficiency was maintained without the recovery system. Therefore, the TCE degradation activity of methane-utilizing bacteria might have been maintained by the cooperative metabolic interaction with heterotrophic bacteria formed in the reactors. We have reported that a mixture of bacteria, which was separated from reactor No.2 and identified as Methylomonas methanica and Pseudomonas sp., removed TCE by an apparantly cooperative metabolic interaction [3] .
Further studies on the methanotrophic and heterotrophic microbial populations in the reactor will be necessary.
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